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A 5.0-kbp EcoRV-EcoRI restriction fragment was cloned and analyzed from genomic DNA of Aeromonas
caviae, a bacterium producing a copolyester of (R)-3-hydroxybutyrate (3HB) and (R)-3-hydroxyhexanoate (3HHx)
[P(3HB-co-3HHx)] from alkanoic acids or oils. The nucleotide sequence of this region showed a 1,782-bp poly
(3-hydroxyalkanoate) (PHA) synthase gene (phaCAc [i.e., the phaC gene from A. caviae]) together with four
open reading frames (ORF1, -3, -4, and -5) and one putative promoter region. The cloned fragments could not
only complement PHA-negative mutants of Alcaligenes eutrophus and Pseudomonas putida, but also confer the
ability to synthesize P(3HB-co-3HHx) from octanoate or hexanoate on the mutants’ hosts. Furthermore,
coexpression of ORF1 and ORF3 genes with phaCAc in the A. eutrophus mutant resulted in a decrease in the
polyester content of the cells. Escherichia coli expressing ORF3 showed (R)-enoyl-coenzyme A (CoA) hydratase
activity, suggesting that (R)-3-hydroxyacyl-CoA monomer units are supplied via the (R)-specific hydration of
enoyl-CoA in A. caviae. The transconjugant of the A. eutrophus mutant expressing only phaCAc effectively
accumulated P(3HB-co-3HHx) up to 96 wt% of the cellular dry weight from octanoate in one-step cultivation.

The utilization of biological systems for production of bio-
degradable materials is becoming important as a solution of
the problems concerning plastic waste and the global environ-
ment. Poly(3-hydroxyalkanoates) (PHA) are produced by a
wide variety of bacteria as intracellular carbon- and energy-
storage materials from renewable carbon resources, such as
sugars or plant oils (2, 6, 18, 25). Since these bacterial PHA are
biodegradable thermoplastics, they have attracted industrial
attention as possible candidates for large-scale biotechnologi-
cal products. At present, more than 90 different monomeric
units have been found as constituents of PHA (37).

Bacterial PHA can be divided into two groups, depending on
the number of carbon atoms in the monomeric units (35). One
group of bacteria, including Alcaligenes eutrophus, produces
short-chain-length PHA with C3-to-C5 monomer units, while
the other group, including Pseudomonas oleovorans, synthe-
sizes medium-chain-length PHA with C6-to-C14 monomer
units. Only a few reports are available for bacteria which can
synthesize PHA consisting of both short- and medium-chain-
length monomer units. For example, Rhodospirillum rubrum
(3), Rhodocyclus gelatinosus (19), and Rhodococcus ruber (12)
produce terpolymers consisting of C4, C5, and C6 3-hydroxyal-
kanoate (3HA) units from hexanoate, and some pseudomonad
strains accumulate PHA consisting of C4-to-C12 3HA units (16,
38). Our laboratory has found that a random copolymer of
3-hydroxybutyrate (3HB) and 3-hydroxyhexanoate (3HHx),
P(3HB-co-3HHx), is produced by Aeromonas caviae FA440
isolated from soil (7, 32). This bacterium synthesizes the co-
polyester from alkanoic acids of even carbon numbers or from
plant oils up to approximately 30 wt% of the cellular dry
weight, with a 3HHx fraction ranging from 10 to 25 mol%. We
have also demonstrated that P(3HB-co-3HHx) is a flexible

material and that films of the copolymer show a high degree of
elongation to break (,850%) (7).

PHA biosynthesis genes, including structural genes of PHA
synthases, have been isolated and analyzed at a molecular level
from various sources (18, 36). The genes of A. eutrophus are
organized in a single operon as phbC-A-B, which are genes of
PHA synthase, b-ketothiolase, and NADPH-acetoacetyl-coen-
zyme A (CoA) reductase, respectively (26, 31, 34). Whereas in
P. oleovorans, two structural genes of PHA synthases (phaC1
and phaC2) flanking a PHA depolymerase gene have been
identified (14), PHA synthases of Chromatium vinosum (21)
and Thiocapsa pfennigii (35) consist of two different types of
subunits encoded by phbC and phbE in a single operon. Al-
though cells of T. pfennigii accumulated only P(3HB) homo-
polymer from various carbon sources, a recombinant Pseudo-
monas putida strain harboring the PHA biosynthesis genes of
T. pfennigii produced a new type of PHA consisting of 3HB,
3HHx, and 3-hydroxyoctanoate units from octanoate (20) or of
PHA containing 4-hydroxy- and 5-hydroxyalkanoate units from
the related carbon sources (40, 41). In this study, we cloned
and sequenced the P(3HB-co-3HHx) biosynthesis genes of A.
caviae FA440 to study the molecular organization. In addition,
heterologous expression of the cloned genes was examined in
PHA-negative mutants of A. eutrophus and P. putida to char-
acterize the genes and the PHA-producing ability of the re-
combinant strains was investigated.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. A. caviae, A. eutrophus, and P. putida
strains were cultivated at 30°C in a nutrient-rich medium containing 10 g of meat
extract, 10 g of polypeptone, and 2 g of yeast extract in 1 liter of distilled water,
and Escherichia coli strains were grown at 37°C on a Luria-Bertani medium (28).
When needed, kanamycin (50 mg/liter) or ampicillin (50 mg/liter) was added to
maintain the plasmids.

DNA manipulation. Isolation of total genomic DNA and plasmids, digestion of
DNA with restriction endonucleases, and transformation of E. coli were carried
out by standard procedures (28). Transconjugation of A. eutrophus or P. putida
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with E. coli S17-1 harboring broad-host-range plasmids was performed as de-
scribed by Friedrich et al. (8).

PCR. To amplify a partial fragment of the A. caviae PHA synthase gene from
genomic DNA, we performed PCR with two primers [P1, 59-CC(C/G)CC(C/G)
TGGATCAA(T/C)AAGT(T/A)(T/C)TA(T/C)ATC-39; P2, 59-(G/C)AGCCA
(G/C)GC(G/C)GTCCA(A/G)TC(G/C)GGCCACCA-39] under 25 cycles of de-
naturation at 98°C for 20 s and annealing and elongation at 65°C for 2 min. The
amplified DNA was purified by phenol extraction and ethanol precipitation.

Cloning of genes. Genomic DNA was partially digested with Sau3AI and
ligated to the cosmid vector pLA2917 (1) linearized with BglII. The concatemeric
ligation products were packaged by using Gigapack II (Stratagene), and the
resultant phage particles were transfected to E. coli S17-1. The constructed
cosmid library was screened by colony hybridization (28) with the PCR-amplified
fragment as a probe to isolate the PHA biosynthesis genes of A. caviae. Prepa-
ration of the labeled probe and detection of the hybridization signals on mem-
branes were carried out with a digoxigenin nucleic acid labeling and detection kit
(Boehringer Mannheim).

DNA sequencing analysis. DNA fragments were subcloned into pBluescriptII
KS1 or pUC18, and nested sets of deletion clones were generated by using
exonuclease III for DNA sequencing (28). DNA was sequenced in a DSQ-1000
DNA sequencer (Shimadzu Co., Kyoto, Japan) with a Taq cycle sequencing kit
(Takara Co., Kyoto, Japan). Computer analysis of the resulting nucleotide se-
quence was performed with SDC-GENETYX genetic information processing
software (Software Development Co., Tokyo, Japan).

Site-directed mutagenesis. To create restriction sites in the isolated genes,
site-directed mutagenesis was carried out under the unique site elimination
procedure developed by Deng and Nickoloff (5) with a U.S.E. mutagenesis kit
(Pharmacia). Primers M1 and M2 (used for creation of BglII sites) and primers
M3 and M4 (used for creation of BamHI sites) were as follows: M1, 59-GCCG
ATTGCCCCAGATCTACACTGTTCTGCC-39; M2, 59-GACGCTACGGGCT
AGATCTCGCCTCGGGTGTG-39; M3, 59-CGCATGAGCGCAGGATCCCT
GGAAGTAGGC-39; and M4, 59-GCCGTGACGGGGGGATCCGTGGTCAA
GCTG-39.

Production and analysis of PHA. One-step production of polyesters was car-
ried out on a reciprocal shaker (130 strokes/min) at 30°C for 72 h in 500-ml flasks
with 100 ml of a nitrogen-limited mineral salt medium, which was composed of
0.9 g of Na2HPO4 z 12H2O, 0.15 g of KH2PO4, 0.05 g of NH4Cl, 0.02 g of
MgSO4 z 7H2O, and 0.1 ml of trace element solution (16). In the case of two-step
production, cells were first cultivated in 100 ml of nutrient-rich medium for 12 h.
Harvested and washed cells were then transferred into a nitrogen (NH4Cl)-free
mineral salt medium and incubated at 30°C for 48 h. Filter-sterilized carbon
sources were added as indicated in the text. For maintenance of broad-host-
range plasmids in A. eutrophus or P. putida, kanamycin was added to the medium
at a concentration of 50 mg/liter. Cellular PHA content and composition were
determined by gas chromatography after methanolysis of dried cells in the
presence of 15% sulfuric acid, as described previously (16).

PHA synthase assay. Crude cell extracts of A. eutrophus transconjugants were
prepared as described by Schubert et al. (31). The activity of PHA synthase was
determined by spectroscopic assay according to the methods described by Val-
entin and Steinbüchel (43). (R)-3HB-CoA was synthesized by the mixed anhy-
dride method described by Haywood et al. (11).

Enoyl-CoA hydratase assay. Recombinant E. coli cells were sonicated and
centrifuged (20,000 3 g, 20 min, 4°C), and the resulting soluble cell extracts were
used as an enzyme solution. Enoyl-CoA hydratase activity was assayed by the

hydration of crotonyl-CoA (Sigma) followed by measurement of the disappear-
ance of absorbance at 263 nm derived from the decrease of the enoyl-thioester
bond, as described by Moskowitz and Merrick (23). The configuration of 3HB-
CoA produced by the hydratase was determined by coupling with the (S)-specific
dehydrogenation. NAD1 and (S)-3HA-CoA dehydrogenase (Sigma) were added
after the hydration reaction had reached equilibrium, and the reduction of
NAD1 was monitored at 340 nm (23).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported here will appear in the EMBL, GenBank, and DDBJ nucleotide sequence
databases under accession no. D88825.

RESULTS

Identification and cloning of the A. caviae PHA biosynthesis
genes. For the identification of the PHA biosynthesis genes of
A. caviae, a partial fragment of a PHA synthase gene was
amplified from the genomic DNA and used as a specific probe.
Two primers were designed from highly conserved regions
among known PHA synthases (244-PPWINK(Y/F)YI-252 and
547-WWPDWTAWL-555; numbering corresponds to the A.
eutrophus PHA synthase) (36), and PCR with the designed
primers resulted in successful amplification of an approxi-
mately 900-bp fragment. Hybridization analysis gave only one
positive signal for each of the EcoRI-, BamHI-, HindIII-, and
PstI-digested genomic DNAs of A. caviae with a probe pre-
pared from the amplified fragment. There were no detectable
hybridization signals even under low-stringency conditions
when the PHA synthase gene of A. eutrophus (26, 31, 34) was
used as a probe. A cosmid library constructed in E. coli S17-1
was screened by colony hybridization, and one positive recom-
binant clone was isolated, which harbored a 20-kbp A. caviae
genomic DNA fragment. A positive 11-kbp SalI subfragment
(SS110) was cloned into pBluescriptII KS1, and further anal-
ysis showed that the PHA biosynthesis genes of A. caviae were
located in a 5.0-kbp EcoRV-EcoRI subfragment, referred to as
VE50.

Nucleotide sequence and structure of the PHA biosynthesis
genes. A nucleotide sequence of the VE50 fragment was de-
termined for both strands. Fig. 1b and 2 show the restriction
map and the determined nucleotide sequence, respectively, of
the VE50 fragment. Five open reading frames (ORFs) were
identified (ORF1 to -5) in the fragment by computer analysis,
as shown in Fig. 1c.

ORF2 (1,782 bp), which is the largest gene in this fragment,
encoded a protein composed of 594 amino acids with a mo-

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source or reference

A. caviae FA440 Wild type FERM P-3432
7, 32

A. eutrophus PHB24 PHA-negative mutant of H16 DSM 541, 30
P. putida GPp104 PHA-negative mutant of KT2442 14
E. coli

DH5a deoR endA1 gyrA96 hsdR17 (rK
2 mK

1) recA1 relA1 supE44 thi-1
D(lacZYA-argFV169) f80DlacZDM15 F2 l2

Clontech

S17-1 recA and tra genes of plasmid RP4 integrated into the chromosome;
auxotrophic for proline and thiamine

33

Plasmids
pLA2917 Cosmid; Kmr Tcr RK2 replicon Mob1 1
pJRD215 Cosmid; Kmr Smr RSF1010 replicon Mob1 4
pJRDEE50 pJRD215 derivative; phaCAc ORF1 ORF3 ORF4 ORF5 This study
pJRDEE32 pJRD215 derivative; phaCAc ORF1 ORF3 This study
pBluescriptII KS1 Apr lacPOZ T7 and T3 promoter Stratagene
pUC18 Apr lacPOZ Takara
pEE32 pUC18 derivative; phaCAc ORF1 ORF3 This study
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lecular mass of 66,334 Da. Figure 3 shows a partial alignment
and the identities of its deduced amino acid sequence with
known PHA synthases from 11 microorganisms. Relatively
high identities were obtained with the synthases of Acineto-
bacter sp. (45.1%) (29) and A. eutrophus (42.7%); therefore,
ORF2 was concluded to represent a structural gene of A.
caviae PHA synthase, and it was referred to as phaCAc. The
calculated molecular mass of the translated PHA synthase was
almost consistent with that of A. eutrophus (63,940 Da) and
those of P. oleovorans (62,400 and 62,600 Da) (14). The prop-
agation of a polyester chain has been proposed to include the
formation of an acyl-S enzyme intermediate at two thiol groups
and the transesterification to a propagating chain (17). Cys-319
in the A. eutrophus synthase has been demonstrated by muta-
genic analysis to play important roles in the catalytic cycles (9),
and the corresponding Cys residue is conserved in the PHA
synthase of A. caviae at the same position, 319, in a lipase
box-like sequence. Another active site has been proposed to be
a thiol group of a 49-phosphopantethein moiety which post-
translationally modifies the synthase of A. eutrophus in E. coli
(9). A candidate for the modified residue, Ser-260, is also
found in the amino acid sequence deduced from phaCAc.

ORF1 (348 bp) and ORF3 (402 bp) were located in up-
stream and downstream regions, respectively, of phaCAc, and
ORF4 (561 bp) and ORF5 (756 bp) were oriented in the
opposite direction to the other three genes. Several 235 to
210 consensus sequences of a s70-dependent promoter (10)
were found between ORF1 and ORF4 on both strands, sug-
gesting that the approximately 300-bp region is a putative pro-
moter region for these five genes. The ATG start codon of
ORF3 overlapped with the TGA stop codon of phaCAc, and an
inverted repeat, which may serve as a transcriptional termina-
tion signal, was identified in the downstream region of ORF3
(nucleotides 4899 to 4930) with the structural free energy of
2166 kJ/mol. The presence of ribosome binding sequences 5 to
8 bp upstream of the ATG start codon of all genes suggests the
translation of these five genes.

Complementation studies and heterologous expression. To
confirm whether the cloned fragments harbor functionally ac-
tive PHA biosynthesis genes, heterologous expression of the
genes was investigated in the PHA-negative mutants PHB24
of A. eutrophus (30) and GPp104 of P. putida (14). The VE50

fragment (containing phaCAc, ORF1, ORF3, ORF4, and ORF5)
and a 3.2-kbp BglII-EcoRI fragment (containing phaCAc, ORF1,
and ORF3), both of which harbored the putative promoter
region, were converted to EcoRI restriction fragments referred
to as EE50 and EE32, respectively, with a pEcoRI linker.
These two fragments were inserted into a broad-host-range
vector, pJRD215 (4), at the unique EcoRI site, and the result-
ant plasmids, pJRDEE50 and pJRDEE32, were mobilized from
E. coli S17-1 to A. eutrophus PHB24 or to P. putida GPp104.
The transconjugants were cultivated in a mineral salt medium
to promote the PHA biosynthesis from sugar (fructose for
transconjugants of PHB24 or gluconate for those of GPp104),
hexanoate, or octanoate as a carbon source.

Table 2 shows the results of PHA accumulation in the
recombinant strains by one-step cultivation. The plasmids
pJRDEE50 and pJRDEE32 not only could complement the
deficiency of PHA synthase in the mutant strains but also could
confer the ability to synthesize P(3HB-co-3HHx) copolymer on
the hosts. A. eutrophus PHB24 harboring pJRDEE32 produced
P(3HB) homopolymer from fructose (53 wt% of the cellular
dry weight) and P(3HB-co-3HHx) copolymer, with 22 mol% of
the 3HHx fraction from octanoate (33 wt%), while the strain
harboring pJRDEE50 accumulated only a small amount of
polyesters (0 to 7 wt%). P. putida GPp104 harboring these
plasmids accumulated more than 40 wt% of P(3HB-co-3HHx)
from hexanoate or octanoate, with a high 3HHx composition.
The mole fraction of the 3HHx unit reached 40 mol% in the
hexanoate-grown cells. These strains synthesized P(3HB-co-
3HHx) not only from the carboxylic acids but also from glu-
conate, although the content was low (4 wt%).

Furthermore, ORF1 and/or ORF3 were deleted from the
EE32 fragment, and the accumulation of PHA in transconju-
gants of PHB24 harboring the deleted clones was investigated.
The EE32 fragment was ligated to pUC18 to form a recombi-
nant plasmid called pEE32. Two BglII sites across the coding
region of ORF1 or two BamHI sites across that of ORF3 were
created by site-directed mutagenesis, and elimination of the
BglII or BamHI fragment from the modified plasmids gave
pEE32d1 and pEE32d3, respectively. pEE32d13 was also con-
structed by eliminating both the BglII and BamHI fragments.
The deleted EcoRI restriction fragments of these plasmids
were inserted into pJRD215, resulting in the formation of

FIG. 1. Organization of A. caviae PHA biosynthesis genes, restriction endonuclease sites, and DNA sequencing strategy. (a) Restriction map of SS110 fragment.
(b) Restriction map and sequencing strategy of VE50 subfragment. Arrows indicate sequence strategy. (c) Organization of phaCAc, ORF1, ORF3, ORF4, and ORF5.
aa, amino acids.
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pJRDEE32d1, harboring phaCAc and ORF3, pJRDEE32d3,
harboring phaCAc and ORF1, and pJRDEE32d13, harboring
only phaCAc. A. eutrophus PHB24 was transformed by conju-
gational transfer of these recombinant plasmids, and the trans-
conjugants were cultivated in a nitrogen-limited mineral salt
medium. As shown in Table 3, all the transconjugants of

PHB24 accumulated P(3HB) homopolymer from fructose,
and the deletion of ORF1 and/or ORF3 slightly increased the
PHA content in the cells. When the recombinant PHB24
strains were grown on octanoate or hexanoate, the content of
P(3HB-co-3HHx) copolymer was remarkably increased by the
deletion of ORFs. Especially on octanoate, the PHA content

FIG. 2. Nucleotide sequence of a 5,051-bp region containing the phaCAc gene along with the deduced amino acid sequence. The putative ribosome binding
sequences are boxed and indicated by SD. The 210 and 235 regions of the s70-dependent promoter are labeled. A potential stem-loop structure is shown by the facing
arrows. P1 and P2 indicate the positions of the primers used for PCR. M1, M2, M3, and M4 indicate the restriction sites created by site-directed mutagenesis. Other
restriction sites are underlined and labeled. Stop codons are indicated by asterisks.
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reached 92% of the cell weight (dry wt) after deletion of ORF1
or ORF3 from the EE32 fragment, and 96% (dry wt) after
deletion of both genes. A similar tendency was also observed in
the case of two-step cultivation.

Table 4 shows PHA synthase activities in the transconju-
gants of PHB24 at the early stationary growth phase. When oc-
tanoate was fed as a sole carbon source, the PHA synthase
activity in the cells expressing phaCAc with ORF1 (pJRDEE32d3)

was fivefold higher than that in the cells coexpressing the three
genes (pJRDEE32). Furthermore, the strain expressing only
phaCAc without both ORF1 and ORF3 (pJRDEE32d13) showed
38-fold higher activity than that harboring pJRDEE32. In con-
trast, the transconjugant harboring pJRDEE32d1 showed low-
er activities in spite of the high PHA content than did those
harboring pJRDEE32 or pJRDEE32d3. The three strains har-
boring these deleted plasmids accumulated P(3HB-co-3HHx)

FIG. 2—Continued.
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up to more than 92 wt% from octanoate after 72 h cultivation,
but they showed quite different synthase activities. These re-
sults suggested that the PHA synthase activity does not relate
directly to the PHA content accumulated in cells.

The deletion of ORFs from the EE32 fragment did not
seriously affect the composition of copolyesters accumulated in
octanoate-grown cells (ranging from 12 to 22 mol% of the
3HHx fraction). However, it is of interest to note that the mole
fractions of the 3HHx unit in copolyesters synthesized from
hexanoate were increased by the deletion of ORF3. P(3HB-
co-3HHx), consisting of almost equimolar amounts of 3HB

and 3HHx units, could be obtained by two-step cultivation of
the strains harboring pJRDEE32d3 or pJRDEE32d13.

Enoyl-CoA hydratase assay. No significant identities of the
amino acid sequences deduced from the nucleotide sequences
of identified ORFs were detected with those of primary struc-
tures of any proteins in databases, except for the translated
product of ORF3, which showed a partial identity with a pu-
tative enoyl-CoA hydratase domain of Saccharomyces cerevi-
siae b-oxidation multifunctional protein (38.4% of 73 amino
acids) (13). The ORF3 product also exhibited a weak identity
with Clostridium difficile crotonase (22.8% of 114 amino acids)

FIG. 2—Continued.
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(24). Therefore, soluble extracts of recombinant E. coli har-
boring the PHA biosynthetic genes of A. caviae were prepared,
and enoyl-CoA hydratase activity was assayed with crotonyl-
CoA as a substrate. The results are given in Table 5. E. coli
harboring pEE32 or pEE32d1 exhibited a high enoyl-CoA
hydratase activity, while the activity in the cells harboring
pEE32d3 or pEE32d13 was as low as that in a control strain
harboring pUC18. To investigate the stereospecificity of the
hydration reaction, NAD1 and (S)-3HA-CoA dehydrogenase
were added to the reaction mixture after the hydration of
crotonyl-CoA had reached equilibrium (23), but the formation
of NADH linked with the oxidation of (S)-3HB-CoA was not
observed. These results strongly suggest that ORF3 is a struc-
tural gene of (R)-specific enoyl-CoA hydratase. The b-oxida-
tion multifunctional protein of S. cerevisiae encoded by the fox2
gene has been reported to catalyze the hydration of enoyl-CoA
with (R)-specificity (13). The evolutionary relationship be-
tween A. caviae ORF3 and S. cerevisiae fox2 may be an inter-
esting subject.

DISCUSSION

There are only a few studies on bacteria capable of incor-
porating both short- and medium-chain-length 3HA units into
polyester chains. R. ruber (12) and R. rubrum (3) are known to
synthesize PHA with C4-to-C6 3HA units, and the PHA syn-
thase genes of these bacteria have been cloned (15, 27). How-
ever, the substrate specificities of the translated PHA synthases
were not investigated thoroughly. In this study, cloning of PHA
biosynthesis genes, including a structural gene of PHA syn-
thase from A. caviae (phaCAc), was performed together with an
investigation of the PHA-producing ability of recombinant
strains harboring the cloned genes.

A partial fragment of a PHA synthase gene was successfully
amplified from genomic DNA of A. caviae by PCR with prim-
ers designed from a highly conserved region among various
PHA synthases. The amplified fragment was then used as a
specific probe for identification and isolation of the PHA bio-
synthesis genes of A. caviae. These PCR primers are expected
to be useful for cloning of PHA synthase genes from other
bacteria.

The nucleotide sequence indicated that phaCAc was clus-
tered with four ORFs (ORF1, -3, -4, and -5) and one putative
promoter region in a 5.0-kbp genomic fragment. The deduced
amino acid sequence of A. caviae PHA synthase shows 42.7%
identity with the synthase of A. eutrophus (specific for short-
chain-length 3HA), which is higher than its 32.6 to 35.2%
identity with those of pseudomonads (specific for medium- and

FIG. 3. Partial alignment and identities of the deduced amino acid sequence of the PHA synthase from A. caviae with those from A. eutrophus (A.e.) (26, 31, 34),
Methylobacterium extorquens (M.e.) (42), R. ruber (R.r.) (27), R. sphaeroides (R.s.) (15), Acinetobacter sp. (A.sp.) (29), P. oleovorans (P.o.1 and P.o.2) (14), P. aeruginosa
(P.a.1 and P.a.2) (39), C. vinosum (C.v.) (21), and Thiocystis violacea (T.v.) (22). Dots, amino acids identical to the A. caviae sequence; shading, amino acids which are
identical in at least eight PHA synthases.

TABLE 2. Accumulation of PHA in recombinant strains
harboring PHA biosynthesis genes of A. caviaea

Strain Plasmid Carbon
source

PHA
content
(wt%)

Composition
(mol%)

3HB 3HHx

A. eutrophus PHB24 pJRD215 Fructose 0
Hexanoate 0
Octanoate 0

pJRDEE50 Fructose 7 100 0
Hexanoate Trace
Octanoate 6 96 4

pJRDEE32 Fructose 53 100 0
Hexanoate 6 83 17
Octanoate 33 78 22

P. putida GPp104 pJRD215 Gluconate 0
Hexanoate 0
Octanoate 0

pJRDEE50 Gluconate 4 71 29
Hexanoate 42 61 39
Octanoate 41 71 29

pJRDEE32 Gluconate 4 71 29
Hexanoate 38 60 40
Octanoate 48 69 31

a Cells were cultivated in a nitrogen-limited mineral salt medium containing
fructose (0.5% wt/vol), the sodium salts of gluconate (1.5% wt/vol), and octano-
ate or hexanoate (0.1% wt/vol 3 5 for A. eutrophus strains or 0.5% wt/vol for
P. putida strains) as a sole carbon source for 72 h at 30°C.
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long-chain-length 3HA). Although R. ruber synthesizes copoly-
esters of C4 to C6 units similar to those of A. caviae (12), the
PHA synthase of R. ruber has closer identity to the synthases of
Pseudomonas aeruginosa than to those of A. eutrophus and A.
caviae. It is difficult to predict the substrate specificity of PHA
synthases on the basis of their primary structures.

Heterologous expression of phaCAc in the PHA-negative
mutants PHB24 of A. eutrophus and GPp104 of P. putida
resulted in the accumulation of P(3HB-co-3HHx) copolyesters
from hexanoate or octanoate and of P(3HB-co-3-hydroxyval-
erate) from pentanoate (data not shown). A 3-hydroxyoctano-
ate unit was never detected, even in the copolyesters produced
by transconjugants of GPp104 from octanoate. These results
indicate that the A. caviae PHA synthase is active toward C4-
to-C6 3HA-CoA and that the composition of the copolyester
produced by A. caviae FA440 reflects the substrate specificity
of the PHA synthase. The acceptance of 3HHx-CoA as a

substrate is a significant difference between the A. caviae PHA
synthase and other synthases, being specific for short-chain-
length C3-to-C5 3HA-CoA only.

E. coli strains expressing the ORF3 gene of A. caviae showed
(R)-specific enoyl-CoA hydratase activity, suggesting that the
translated product of ORF3 functions as an enzyme in a mono-
mer-supplying pathway for PHA-biosynthesis. Figure 4 shows a
proposed PHA biosynthesis pathway in A. caviae. Acyl-CoA
derived from alkanoic acids or oils is degraded via cyclic b-ox-
idation, resulting in the formation of enoyl-CoA intermediates
of different chain lengths. These intermediates may be con-
verted to (R)-3HA-CoA by the (R)-specific enoyl-CoA hy-
dratase encoded by ORF3, and the resultant (R)-3HA-CoA of
4 to 6 carbon atoms may be incorporated into a growing poly-
ester chain by the function of PHA synthase. Hence, P(3HB-
co-3HHx) is synthesized from alkanoic acids of even carbon
numbers or from oils. Small amounts (5 mol% 6 2 mol%) of

TABLE 3. Accumulation of PHA in recombinant strains of A. eutrophus PHB24 harboring deleted clones of
PHA biosynthesis genes of A. caviae

Plasmid
(relevant markers)

Carbon
source

One-step cultivationa Two-step cultivationb

PHA content
(wt%)

Composition
(mol%) PHA content

(wt%)

Composition
(mol%)

3HB 3HH 3HB 3HHx

pJRDEE32 (phaCAc, ORF1, ORF3) Fructose 53 100 0
Hexanoate 6 83 17 4 76 24
Octanoate 33 78 22 6 85 15

pJRDEE32d1 (phaCAc, ORF3) Fructose 66 100 0
Hexanoate 78 84 16 25 77 23
Octanoate 92 87 13 53 85 14

pJRDEE32d3 (phaCAc, ORF1) Fructose 66 100 0
Hexanoate 44 75 25 19 53 47
Octanoate 92 88 12 23 87 13

pJRDEE32d13 (phaCAc) Fructose 73 100 0
Hexanoate 72 72 28 26 50 50
Octanoate 96 85 15 50 80 20

a Cells were cultivated in a nitrogen-limited mineral salt medium containing fructose (0.5% wt/vol) and sodium hexanoate or sodium octanoate (0.1% wt/vol 3 5)
as a sole carbon source for 72 h at 30°C.

b Cells were grown in a nutrient-rich medium for 12 h at 30°C, transferred into a nitrogen-free mineral salt medium containing sodium hexanoate or sodium octanoate
(0.25% wt/vol 3 2) as a carbon source, and incubated for 48 h at 30°C.

TABLE 4. PHA synthase activity and PHA accumulation in recombinant strains of A. eutrophus at the early stationary growth phasea

Strain Plasmid
(relevant markers)

Carbon
source

PHA synthaseb

(U/g of protein)
PHA content

(wt%)

Composition
(mol%)

3HB 3HHx

H16 pJRD215 Fructose 138 60 100 0
Octanoate 61 67 100 0

PHB24 pJRD215 Fructose 5 0
Octanoate 3 0

PHB24 pJRDEE32 (phaCAc, ORF1, ORF3) Fructose 145 25 100 0
Octanoate 20 12 61 39

PHB24 pJRDEE32d1 (phaCAc, ORF3) Fructose 33 49 100 0
Octanoate 13 51 88 12

PHB24 pJRDEE32d3 (phaCAc, ORF1) Fructose 110 28 100 0
Octanoate 114 37 85 15

PHB24 pJRDEE32d13 (phaCAc) Fructose 425 69 100 0
Octanoate 770 69 85 25

a Cells were cultivated in a nitrogen-limited mineral salt medium containing fructose (0.5% wt/vol) or sodium octanoate (0.1% wt/vol 3 3) as a sole carbon source
for 30 h at 30°C.

b PHA synthesis activity for (R)-3HB-CoA.
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a 3HB unit were reported to be incorporated into a copolyester
with a 3-hydroxyvalerate unit (95 mol% 6 2 mol%) by A.
caviae from alkanoic acids of odd carbon numbers (7). In
A. caviae, there are low activities of b-ketothiolase (0.09 U/mg
of protein) and NADH-acetoacetyl-CoA dehydrogenase (0.06
U/mg of protein), but no activity of NADPH-acetoacetyl-CoA
reductase was detected. The small amount of a 3HB unit in the
copolyesters may be supplied from two acetyl-CoA molecules
via four-step reactions catalyzed by b-ketothiolase, NADH-
acetoacetyl-CoA dehydrogenase, crotonase [(S)-specific enoyl-
CoA hydratase], and (R)-specific enoyl-CoA hydratase (Fig. 4),
which is similar to the pathway in R. rubrum (23). The deletion
of ORF3 from the EE32 fragment resulted in an enrichment of
the 3HHx fraction in P(3HB-co-3HHx) produced by the re-
combinant strains of A. eutrophus PHB24 (Table 3). This result
may suggest the major contribution of the ORF3 product in
supplying a 3HB unit; that is, the (R)-specific enoyl-CoA hy-
dratase encoded by ORF3 may be more specific for the hydra-
tion of crotonyl-CoA than for that of medium-chain-length
enoyl-CoA.

The transconjugant of A. eutrophus PHB24 harboring
pJRDEE50 accumulated a smaller amount of polyesters than
that harboring pJRDEE32, while there was little difference in
the PHA content and composition between transconjugants of

P. putida GPp104 harboring pJRDEE50 and those harboring
pJRDEE32. The functions of ORF4 and ORF5 in PHA bio-
synthesis are still unknown. The deletion of ORF1 and/or ORF3
from the EE32 fragment drastically increased the P(3HB-co-
3HHx) content in the cells of recombinant PHB24 when hex-
anoate or octanoate was fed as a sole carbon source. Here, it
is noted that a PHA content of 96 wt% was achieved in the
strain harboring pJRDEE32d13 from octanoate. The coex-
pression of ORF1 and ORF3 with phaCAc seems to lead to a
decrease in intracellular PHA content. Enzymatic analysis re-
vealed that the deletion of the surrounding genes also affected
the activity of PHA synthase. However, the PHA content ac-
cumulated in cells was not correlated to the level of PHA
synthase activity (Table 4). For example, the PHA content in
octanoate-grown cells harboring pJRDEE32d13 was only
slightly higher than that of cells harboring pJRDEE32d1 at
both the early stationary (30 h) and late stationary (72 h)
phases, even though the former strain showed 60-fold higher
synthase activity than the latter. In addition, the effects of the
deletion of the ORF3 gene on the activity of PHA synthase and
on the cellular content of PHA cannot be explained by the
catalytic function of the translated product, (R)-specific enoyl-
CoA hydratase. Further studies, including the investigation of
transcriptional efficiency of each transconjugant, will be nec-
essary to elucidate the characters and functions of these ORFs.

Liebergesell et al. (20) have reported that PHA biosynthesis
genes of the anoxygenic phototrophic bacteria C. vinosum, Rho-
dobacter sphaeroides, and T. pfennigii conferred the ability to
synthesize P(3HB-co-3HHx) from octanoate on P. putida
GPp104. It is interesting that the PHA synthases of C. vinosum
and T. pfennigii exhibited similar specificity to that of A. caviae
in spite of their quite different structures. They have also re-
ported that P(3HB) homopolymer was accumulated in the oc-
tanoate-grown cells of A. eutrophus PHB24 harboring the genes
of T. pfennigii, in contrast to the production of PHA containing
nearly a half-molar ratio of the 3HHx fraction by the GPp104
strain expressing the same genes. In this study, the transcon-
jugant of PHB24 harboring pJRDEE32d13, expressing only
phaCAc as a foreign gene, efficiently accumulated P(3HB-co-
3HHx) from hexanoate or octanoate, and the 3HHx fraction in
the copolyester reached 50 mol% in the recombinant cells
from hexanoate by two-step cultivation. Apparently, A. eutro-
phus cells have the ability to supply the (R)-3HHx-CoA thio-
ester intermediate from these carboxylic acids. The P(3HB)
accumulation from octanoate in recombinant PHB24 strains
described by Liebergesell et al. may be caused by the effects of
additional genes in the cloned fragment which were introduced
into the host together with the PHA synthase gene.

In conclusion, this study not only gives information on PHA
biosynthesis genes of A. caviae but also demonstrates the use-
fulness of the recombination techniques for an efficient pro-
duction of copolyesters consisting of short- and medium-chain-
length 3HA-CoA. Further studies will be done to clarify the
mechanism of synthesis and accumulation of PHA in A. caviae
and in recombinant strains harboring the PHA biosynthesis
genes of A. caviae.
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